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Abstract: New biomimetic nanocomposite scaffold was pre-
pared by the combination of nanofibrilar bioglass containing
copper ion as the inorganic phase and gelatin/collagen as the
organic phase of bone tissue. In this study for fabrication of
the scaffold, freeze drying and electrospinning methods were
used, and genipin was used as the cross-linking agent for
increasing the mechanical properties of the scaffold. The
growth and viability of human endometrial stem cell-derived
osteoblast-like cells were investigated on this biomimetic
scaffold. Cellular biocompatibility assays illustrated that this
scaffold has more viabilities and osteoblast growths in com-
parison with two-dimensional culture. Copper ion increased
growth of the osteoblasts on nanocomposite scaffold con-
taining nanofibrous bioglass. Thus, the results obtained from
this study indicate that the prepared scaffold is suitable for
osteoblast growth and attachment; thus, potentially, this
nanocomposite scaffold is an appropriate scaffold for bone
tissue engineering. VC 2016 Wiley Periodicals, Inc. J Biomed Mater
Res Part A: 104A: 2210–2219, 2016.
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INTRODUCTION
Bone tissue engineering is a promising technology for regen-
erating defected and diseased bone tissue. Nowadays, by tis-
sue engineering, utilizing cells, and three-dimensional
biodegradable scaffolds,1 bone tissue defects can be regener-
ated. Tissue engineering is mainly based on seeding cells on
porous biodegradable three-dimensional scaffolds to con-
struct three-dimensional tissue structures.2 A suitable scaf-
fold should have special properties, such as porosity,
appropriate pore morphology/size, appropriate chemical,
physical, and well mechanical properties.2,3 Thus, as a pri-
mary function, the scaffold is a bed for cell adhesion, prolifera-
tion, growth and differentiation, and organizing the bone cells
into a healthy new bone as the scaffold degrades. In this
regard, design and manufacturing of suitable scaffolds and
using the cells are of particular importance. Main challenge in
designing tissue engineering scaffolds is the fact that many
materials are not simultaneously resistant and bioresorbable;
mechanically, resistance/strong substances are usually bioi-
nert, while biodegradable and bioactive biomaterials have a
tendency to be mechanically weak.2 Thus, composite scaffolds
made of biodegradable polymers and bioglasses can provide
suitable structures containing bioactivity, biodegradability,
and mechanical resistance.3 Many porous nanocomposite
scaffolds have been studied and fabricated using various
methods, such as foam casting, solvent leaching, freeze drying,
foamy procedure, and electrospinning.4 These scaffolds allow
cells to fabricate three-dimensional tissue structures through
cell adhesion and proliferation, generating extracellular
matrix (ECM).5,6 Recent advances in biomaterial science have
provided various substances that are desirable substitutes for
bone tissue defects.7,8 The most important substances in this
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group of biomaterials are calcium phosphates and bioglasses
that have clinical usage nowadays.7–10 Due to possessing high
biocompatibility and the ability to produce mineral phase sim-
ilar to bone tissue, bioglasses have many applications in bone
tissue engineering, particularly in orthopaedic, maxillofacial
surgery, and dentistry.9,11
In addition, setting of the mineral phase beside the col-
lagen base in the natural bone structure can provide us
with new ideas to mimic the bone tissue structure.12–14
Polymer-ceramic composites used in bone tissue engineer-
ing are nanoﬁbers ﬁlled with nanoparticles showing a type
of nanocomposite system, which are well known for the
accelerated mechanical strength and biofunctionality.5,15,16
Scaffolds containing nanoparticle structures, such as
hydroxyapatite and beta-tricalcium phosphate, possess com-
patibility to the bone tissue, while adding carbon nanoﬁber
induces mechanical strength and electrical conductance in
the scaffold.17
Scaffolds used for this purpose should mimic ECM struc-
ture and function.5,17 Electrospinning is a diverse method
for constructing biodegradable scaffolds containing ﬁbers
with the size similar to ECM ﬁbrils.18,19 Electrospinning can
produce nanoﬁbrilar scaffolds from natural or synthetic
polymers5,15 and also from polymer-ceramic composites
(particularly in bone tissue engineering).3,18 An effective
aspect of bone tissue engineering is the use of functional
segregated cells and biodegradable scaffolds provided by
engineered biological materials.14,19 At present, bioactive
glasses and related composite materials are known as the
best scaffold substances for bone tissue engineering.17,19
Bioactive glasses are subsets of bioactive minerals that are
able to interact with physiological ﬂuids to produce connec-
tion with bone for generating hydroxyapatite layers similar
to the bone.12,20 It has been demonstrated that bioglass sur-
face interactions induce the release of P, Ca, Si, and Na
ions,21 which subsequently induce appropriate intracellular
and extracellular responses, resulting in the rapid regenera-
tion of bone tissue.22
One of the most common scaffolds used in bone tissue
engineering is 45S5 bioglass.23 The main characteristic of
this bioglass is releasing ions, such as Ca, Si, P, and Na,
which can induce proper cellular interactions, resulting in
an accelerated bone tissue formation.24–26 Moreover, in tis-
sue engineering and cell therapy, various stem cells have
been used for the treatment of different diseases.27,28 Previ-
ous studies have shown that mesenchymal stem cells
(MSCs), hematopoietic stem cells, and embryonic stem cells
can differentiate into osteoblast cells.29,30 Human endome-
trial stem cells (hEnSCs), as a new source of MSCs, are
responsible for reformation and remodeling of human endo-
metrium in the menstrual cycles.31–33 It has been shown
that hEnSCs can differentiate into various cells, and these
cells could be considered for tissue engineering and cell
therapy due to its dynamic nature.34,35 In this study, we aim
to fabricate nanoﬁbrilar 45S5 bioglass by electrospining
method and then constructing a suitable scaffold through a
freeze-drying process for bone tissue engineering by adding
the nanoﬁbrilar bioglass to hydrogel. Then, cell viability and
activity of differentiated osteoblast cells derived from endome-
trial stem cells (hEnSCs) on fabricated scaffolds are evaluated.
MATERIALS AND METHODS
Preparation and isolation of endometrial stem cells
hEnSCs, were isolated according to our previous study.36 In
brief, the biopsy samples were washed in Dulbecco’s
phosphate-buffered saline and then treated with collagenase
I (1 mg/mL; Gibco) for 60 minutes at 378C. The digested
cells were passed through 40 and 70 lm sieves. After cen-
trifuging the cells, Ficoll puriﬁcation was applied. Isolated
cells were cultured in Dulbecco’s modiﬁed Eagle medium
(DMEM)/F12 medium containing 1% antibiotic penicillin/
streptomycin, 10% fetal bovine serum (FBS), and 1% gluta-
mine, followed by incubation at 378C with 5% CO2. The
media were changed every 3 days. The hEnSCs at passage 3
were used for experiments.
Differentiation of hEnSCs into osteoblast-like cells
The hEnSCs were seeded in 24-well tissue culture, at the
concentration of 2 3 104 cells/mL with 0.5 mL completed
DMEM per well. After 24 hours, osteogenic media contain-
ing 1027M dexamethasone 1 50 g/mL L-ascorbicacid-2-
phosphate and 10 mM beta-glycerolphosphate were added
to cultured cells. The hEnSCs were cultured in this osteo-
genic condition for 21 days at 378C in 5.5% CO2. The
medium was changed every 3 days. After 21 days, alizarin
red (Sigma) staining was performed. Alizarin red method
was used to verify the calciﬁcation and mineralization of
ECM. In this procedure, on day 21, the cultured cells were
ﬁxed in 4% paraformaldehyde (Sigma) for 30 minutes, fol-
lowed by staining with 2% alizarin red at ambient tempera-
ture. Phase contrast microscope was used for the evaluation
of alizarin red-stained area.
Fabrication of nanocomposite scaffold
Fabrication of nanoﬁbrilar bioglass. The copper contain-
ing 45S5 (45 wt % SiO2, 6 wt % P2O5, 23.5 wt % CaO, 1 wt
% CuO, and 24.5 wt % Na2O) bioglass nanoﬁbers are com-
posed of tetraethyl orthosilicate (TEOS) (Si(OC4H9)4,
99.99%; Sigma-Aldrich), triethyl phosphite (P(OEt)3,
P(C2H5O)3, 99.5%; Sigma-Aldrich), calcium nitrate tetrahy-
drate (Ca(NO3)24H2O, 99.60%; Sigma-Aldrich), and sodium
nitrate (NaNO3, 100.40%; Sigma-Aldrich). Gel-derived cop-
per containing 45S5 bioglass was prepared as follows: ini-
tially 33.5 mL TEOS was added to 1M nitric acid, with
H2O:TEOS molar ratio equal to 18; to prepare the required
amount of 1M nitric acid solution, 3.26 mL of 69% nitric
acid was mixed with 47.6 mL of distilled water. The solution
was allowed to react for 60 minutes for hydrolysis of the
precursor through stirring. The following reagents were
added separately after 45 minutes during stirring, in the fol-
lowing sequence: 2.9 mL triethyl phosphate, 19.84 g calcium
nitrate tetrahydrate, 13.52 g sodium nitrate, and 0.61 g cop-
per(II) nitrate trihydrate.37,38 The sol mixtures were stirred
for 36 hours and aged without stirring at 258C for 24 hours,
followed by further 24 hours at 408C. Prior to electrospin-
ning, the 12 wt % solution of PVA was prepared and mixed
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with sol–solution in ratio of 1:1.5, then 5 mL of this solution
was loaded in syringe and under controlled condition (volt-
age: 20 kV, distance: 10 cm, and injection rate: 1 mL/h),
and electrospinning process was done. The nanoﬁbers were
subsequently heat treated at 7008C for an hour in air with a
heating rate of 48C/min and a cooling rate of 58C/min. The
heat treatment temperature was determined to be high
enough to eliminate organic sources and nitrates
completely.38
Fabrication of nanocomposite hydrogel. Porous gelatin/
collagen/nanoﬁbrilar bioglass (copper containing 45S5 bio-
glass) nanocomposites were fabricated as follows: At ﬁrst,
collagen/gelatin solution with the ratio of 1:9 (Merck,
microbiology grade, catalogue number 104070) was pre-
pared. For this purpose, collagen was added to deionized
water containing 50 mM acetic acid, and gelatin was added
to deionized water in a stirrer associated with heating. After
1 hour, collagen and gelatin solutions were mixed to make a
10% (w/v) solution. In the case of GEL/Col/nanoﬁbrilar
copper containing 45S5 bioglass nanocomposites, the ratio
of organic–inorganic was 70%:30%.12 In the next step, the
ﬁber was mixed with hydrogel through gentle vortex. Then
the prepared hydrogel and the nanocomposite hydrogel
were poured into a cylindrical mold and kept at 48C for
2 hours until physical gelation occurred. Afterward, the gel
was extracted and kept at 2208C for about 24 hours. The
resultant nanocomposite was extracted and freeze dried to
create a porous structure. Scaffolds were incubated in a
0.5% genipin solution for 16 hours. Samples were washed
with ethanol, PBS, and deionized water to remove remnants
of the genipin. The provided scaffolds were kept at a dry
place.
Characterization of scaffold
Scanning electron microscopy. Scanning electron micros-
copy (SEM; Philips XL30 microscope) was used to evaluate
the morphology of nanoﬁbers and porous structure of nano-
composite scaffold. Before SEM investigation, the surface of
all samples was coated with gold by the mean of gold-
sputtering device. Then by using 15 kV accelerating voltage,
photographs were taken from the nanocomposite scaffold
and nanoﬁbers.
Differential scanning calorimetry and thermogravimetric
analysis. For determination of mass loss and transition tem-
perature of nanoﬁbrilar bioglass, differential scanning calo-
rimetry and thermogravimetric analysis (DSC–TGA) was
performed. The sol–gel-derived nanoﬁbrilar bioglass, pro-
duced by electrospinning, was used in this analysis. Trans-
formations including their temperatures and sample weight
loss from room temperature up to 10008C were assessed,
and the heating rate of apparatus was 58C/min.
Mercury porosimetery. Mercury porosimeter (PASCAL140,
Germany) was applied for measuring the porosity percent-
age, mean value of pores’ diameter, and the distribution of
nanocomposite scaffold pores. For these reasons, nanocom-
posite scaffold was dried initially, and then at high vacuum,
mercury was exposed to the samples. The pressure of mer-
cury was changed from 0.1 to 400 kPa incrementally, which
can show pore size ranging from 3 nm to 200 mm. Subse-
quently, mercury penetrated through pores; at low pres-
sures, big pores were ﬁlled with mercury, and at higher
pressures, mercury inﬁltrated through smaller pores. The
pore diameter was determined by Washburn equation
(L 5 cDt/4g). L is the inﬁltrated mercury volume, c is the
surface tension, D is the diameter of pores, T is the time of
mercury inﬁltration through pores, and l is the mercury
viscosity. By this method, size of the pores can be deter-
mined through the range of 350–100,000 Å.
Structural analysis
Fourier transform infrared spectroscopy. Bomem MB 100
spectrometer was used for investigating the functional
groups of nanocomposite scaffold. For this, 1 mg of the
powder nanocomposite scaffold was carefully mixed with
300 mg of KBr (at infrared grade) and then pelletized under
vacuum. Fourier transform infrared spectroscopy (FTIR)
analysis of pellets was performed in the wavelength range
of 400–4000/cm at a scan speed of 23 scan/min with 4/cm
resolution.
X-ray diffraction. After heating at 7008C, the nanoﬁbrilar
bioglass was analyzed by X-ray diffraction (XRD) on a Phi-
lips X-ray diffractometer with Co-Ka radiation
(k 5 1.78901 Å). Crystallographic properties of nanoﬁbrilar
bioglass were obtained using XRD method. XRD diagram
was recorded in step mode (measurement time 1 s, step
size 0.028, measurement temperature 258C, and standard: Si
powder). The scans of the selected diffraction peaks were
carried out in crystallographic identiﬁcation of the phases of
synthesized nanoﬁbers, which was accomplished by compar-
ing experimental XRD patterns with standards compiled by
the International Center for Diffraction Data.
Cell seeding on the prepared scaffolds and cells’
attachment analysis by SEM. hEnSC-derived osteoblast-
like cells were cultured in DMEM/F12 (Gibco) supple-
mented with 10% FBS, 50 U/mL penicillin, and 50 U/mL
streptomycin at 378C with 5% CO2, and the medium was
changed every 2 days and then was digested with 0.25%
trypsin for 5 minutes to create a single cell suspension. Fol-
lowing trypsinization, the scaffolds were cut into small
pieces of 15 mm in diameter and sterilized with ultraviolet
light overnight. Then cells were plated on the prepared scaf-
fold with 3 3 105 cells per scaffold in 24-well plates and
incubated in DMEM/F12 at 378C for 4 hours to allow
hEnSCs to diffuse into and adhere to the scaffold before the
addition of culture medium to each plate. Then humidiﬁed
atmosphere containing 5% CO2 was used to the incubation
of scaffold constructs containing the cells for 4 days at 378C.
Then, PBS was used for washing the samples twice before
ﬁxation procedure. The ﬁxation was carried out as follows:
samples were immersed in 2.5% glutaraldehyde for 1 hour.
Dehydration was done by a series of graded acetone
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solutions. At last, samples were kept in a hood for air dry-
ing and then used for SEM investigation.
Cell viability and proliferation assay. The 3-(4,5-dime-
thylthiazoyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction assay was used for metabolic activity of the
hEnSC-derived osteoblast-like cells cultured on the scaffolds
at 1, 2, and 4 days after cell seeding. The cells were seeded
at a density of 3 3 105 cells/scaffold in 24-well plates and
incubated under standard condition for 1, 2, and 4 days. For
this test, MTT powder (Sigma, Germany) was dissolved in
warm PBS (378C)28 to prepare 5 mg/mL MTT solution.
Then, 40 mL of 5 mg/mL MTT solution was added to each
well, and the plates were incubated at 378C for 4 hours. The
medium was removed, and the formazan crystals were dis-
solved in dimethylsulfoxide 99.5% (Sigma, Germany), and
the plate was shaken for 5 minutes with a shaker. The form-
azan solution transferred to 96-well plate, and absorbance
at 570 nm was measured using a microplate reader (Expert
96; Asys Hitch, Ec Austria).
Quantitative reverse transcription-polymerase chain
reaction
Detection and comparison of gene expression of osteopontin
(218 bp), alkaline phosphatase (ALP; 568 bp), and osteonec-
tin (248 bp) were performed with quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) between
two-dimensional and three-dimensional groups. qRT-PCR
was done after 21 days induction of endometrial stem cells
with osteogenic media in tissue culture plate (two-dimen-
sional group) and scaffold (three-dimensional group).
Primer sequences designed for this reaction are listed in
Table I. Total RNA was extracted using the RNeasy Plus
Mini kit (Qiagen) according to the manufacturer’s protocol.
DNaseI, RNase-free kit (Takara, Shiga, Japan), was used for
removing genomic DNA of osteoblast cells. Revert Aid First
Strand cDNA Synthesis kit (Takara) was used for synthesiz-
ing the complementary DNA. Relative gene expression anal-
ysis was performed with real-time PCR. In each PCR, 13
Power SYBRH Green PCR Master Mix (ABI PRISM, 4368702)
was mixed with 12 ng cDNA and speciﬁc primers in a total
volume of 20 lL. Thermal conditions were used for all
genes noticed in Table I. The comparative Ct method,
22DDCt, was used for relative gene expression analysis. All
Ct values calculated from the target genes were normalized
to GAPDH and calibrated using calculation from the undif-
ferentiated hEnSCs. In each experiment, there were at least
three independent experiments, and these were done in
duplicates.
ALP production activity evaluation
Density of 3 3 105 cells/cm2 was seeded in each well (of 24-
well culture plate) containing nanocomposite scaffolds in
each well. One well of each plate without any composite sam-
ple was used as a negative control group (TPS). At days 1 and
7 after cell seeding, ALP activity was evaluated. At the end of
these times, culture media were decanted, cells cultured on
scaffolds were washed with PBS and homogenized by sonica-
tion in lysis buffer containing 500 mL deionized water plus
25 mL 1% Triton X-100. After these steps, the total protein
content of cells was determined using a commercially avail-
able kit (Micro/Macro BCA; Pierce Chemical, Rockford, IL). In
addition, ALP activity was measured by commercial kinetic kit
(Pars Azmun, Iran) based on the conversion of p-nitrophenyl-
phosphate to p-nitrophenol and phosphate at 378C and
pH 5 9.8. The absorbance change was monitored by using
spectrophotometrically at 405 nm at 378C temperature. ALP
levels were normalized to the total protein content of cells at
the end of the experiment. All tests were repeated three times
(n 5 3), and SPSS software was used for statistical analysis.
Student’s t-test was used to determine signiﬁcant differences
between the groups. p value <0.05 was considered as statisti-
cally signiﬁcant.
Statistical analysis
The data are presented as mean 6 standard deviation of
the mean (n 5 3). A one-way analysis of variance was used
to compare the mean of different data sets, and the value of
p < 0.05 was considered as statistically signiﬁcant.
RESULTS
Characterization of isolated hEnSCs
hEnSCs are adherent cells, and their adherence to the cell
culture ﬂask makes this property useful for their isolation.
After three passages, homogeneous hEnSCs with spindle or
elongated shapes appear [Figure 1(a)] in the culture ﬂask.
According to our previous published report,36 ﬂow cytomet-
ric results showed that immunophenotyping was negative
for CD31, CD133, and CD34 and positive for OCT4, CD44,
CD90, and CD105. After 21 days, cells cultured in osteogenic
media were stained with alizarin red [Figure 1(b)]. Calcium
nodule formation and calcium deposition can be seen dark
red in the picture.
TABLE I. Primers Used for Real-Time RT-PCR
Gene Accession Number Length (bp) Primer Sequence (50–30) Annealing (8C)
SPP1 NM_000582 21 F TCACCTGTGCCATACCAGTTA 57
20 R GGCCACAGCATCTGGGTATT
ALPL NM_000478 19 F CTATCCTGGCTCCGTGCTC 57
20 R ACTGATGTTCCAATCCTGCG
SPARC NM_003118 21 F CTGCAGAAGAGATGGTGGCGG 57
21 R CAGGCAGGGGGCAATGTATTTG
GAPDH NM:002046.3 15 F TCGCCAGCCGAGCCA 57
20 R CCTTGACGGTGCCATGGAAT
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Differential scanning calorimetry and
thermogravimetric analysis
To get the right heating temperature of bioglass nanoﬁbers,
DSC–TGA was performed. As shown in Figure 2, DSC–TGA
curves get from sol–gel derived nanoﬁbrilar bioglass
between room temperature and 10008C. In DSC curves,
endothermic and exothermic peaks are observable. At 758C,
the ﬁrst endothermic peak started, and this peak corre-
sponds to the release of physically adsorbed water on the
surface of nanoﬁbers; as TGA trace demonstrated between
75 and 1608C, all water and products from the polyconden-
sation reaction were removed (12% weight loss). At 3508C,
the other two endothermic peaks started, which related to
the release of water from the further condensation of P–OH
and silanol group, pyrolysis reaction of free organic species,
burning of PVA, and the removal of nitrates, which are usu-
ally removed in the thermal stabilization process (41%
weight loss). Total nitrate species was removed at 5608C
(22% weight loss). It was mentioned that two observed
peaks at 350 and 5828C may correspond to the burning of
nitrate/PVA and decomposition of hydrocarbon molecules,
respectively, in that temperature.
Endothermic peaks correspond to the removal of sodium
nitrite and other nitrogen compounds. On the other hand, the
exothermic peak indicates the formation of a crystalline phase
and phase transformation. The best stabilization temperature,
with high bioactivity and removal of all nitrogen contents, is
about 7008C according to a previous study.38 As shown in this
ﬁgure, no signiﬁcant weight loss was observed above 7008C.
This curve conﬁrmed that removal of the residuals was before
7008C, so this temperature is suitable for the stabilization of
nanoﬁbrilar bioglass structure.
FIGURE 1. a. Morphology of EnSCs, b. Alizarin red staining.
FIGURE 2. Differential scanning calorimetry and thermogravimetric (DSC-TGA) analysis of copper containing 45S5 nanofibers.
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Mercury porosimetery
Thermo Finnigan mercury intrusion porosimeter (PASCAL
140) was used for porosimetery analysis of nanocomposite
scaffold. Pore distribution and total porosity were investi-
gated with mercury porosimetery method. As shown in Fig-
ure 3, results demonstrated that the distribution of the
pores was in the range of 10–200 mm for this nanocompo-
site scaffold. The measured porosity was around 80%. The
average pore size was around 82 6 22 mm.
XRD analysis: Crystallographic properties of
nanoﬁbrillar bioglass precipitated within the
nanocomposite scaffold
Bioglass nanoﬁbers were analyzed using XRD. Figure 4
shows diffractograms obtained from XRD for the nanoﬁbri-
lar bioglass. The diffractograms have weak peaks represent-
ing a type of amorphous or semicrystalline nature. These
peaks can be ascribed to combeite and silicorhenanite
according to the ICCD database.
FTIR analysis
FTIR analysis was performed to study the chemical charac-
teristics of prepared nanocomposite scaffold. FTIR analysis
also shows peaks related to chemical bonds formed by the
combination of nanoﬁbrilar bioglass with hydrogel and fol-
lowed cross-linking with Genipin in the structure of nano-
composite scaffold. Figure 5 shows the FTIR spectra, in the
400–4000/cm spectral range, for nanocomposite containing
heat-treated 45S5 bioglass nanoﬁber containing Cu ion
before and after cross-linking with genipin. FTIR spectra of
these samples exhibited two series of characteristic spectral
bands such as: C5O stretch at 1662.1/cm for amide I, N–H
bend and C–H stretch at 1546/cm for amide II, C–N stretch
plus N–H in phase bending at 1244/cm for amide III, N–H
stretching vibration at 3298/cm for the amide, which are
the distinguishing features of gelatin and collagen.39 In
cross-linked hydrogel, we see similar peaks with a little shift
as it has been previously reported.39 In addition, three infra-
red bands are located at 464, 940, and 1084/cm, which are
related to the silicate network and are attributed to the Si–
O–Si bending vibration, Si–O stretching vibration, and asym-
metric stretching vibration of Si–O–Si, respectively.37,38,40
Interestingly, the peak located at about 1334/cm indicates
formation of the chemical bond between carboxyl groups of
hydrogel and Ca21 ions of nanoﬁbrilar bio glass. Same
result has also been mentioned in former studies for gelatin
and hydroxyapatite.41,42
Morphological characterization of scaffold and cell
attachment on the nanocomposite scaffold by SEM
SEM was used for observing morphology of nanoﬁbers and
porous structure of nanocomposite scaffold, also for studying
the cells attachment on the nanocomposite scaffold. As shown
in Figure 6, before heating at 7008C, the diameter of ﬁbers
were between 150 and 45 nm. After heating, the approximate
diameter of these nanoﬁbers were 200–450 nm. Obtained
glass nanoﬁbers represented coarse unsmooth morphology
on the surface and showed fusion to each other after thermal
treatment. Kim et al. succeed to fabricate bioglass nanoﬁbers
by electrospinning and they also accessed the response of
osteoblasts on this nanocomposite scaffold.19 Rboccacini et al.
investigated the potential of bioactive scaffolds synthesized
by bio glasses for bone tissue engineering.2,21 Interconnected
porous structure of nanocomposite scaffold is shown in Fig-
ure 7(a), diameters of the pores were in the range of 70–250,
which is optimal for osteoblast adhesion and growth. SEM
FIGURE 3. Mercury porosimetry of the composite gelatin/collagen/
45S51Cu scaffold.
FIGURE 4. XRD patterns of sol-derived copper containing 45S5 BG
nanofibers after heating at 700 8C.
FIGURE 5. FTIR spectrum of composite scaffolds before and after
crosslinking with genipin.
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pictures of differentiated osteoblast cells were obtained after
culturing the cells on the prepared scaffolds. As shown in Fig-
ure 7(b), the cells have penetrated into nanocomposite scaf-
fold pores, cell adhesions can be seen, and the cells have
completely attached and expanded on the surface of the scaf-
folds. This biomimetic nanocomposite scaffold, mimicked
ECM and provided an environments suitable for the osteo-
blast cells adherence and growth.
Cell viability and proliferation assay by MTT
MTT assay was performed at days 1, 2, and 4, on nanocompo-
site scaffolds including nanoﬁbrilar sol-gel derived 45S5 bio-
glass containing copper. As shown by MTT assay (Figure 8),
this scaffold did not have any negative effects on the prolif-
eration rate of differentiated osteoblasts compared to two-
dimensional culture on the surfaces of tissue cell culture.
No signiﬁcant differences were observed between nano-
composite scaffolds containing copper nanoﬁbrilar 45S5 bio-
glass and the control group in all mentioned times, which
indicates that this nanocomposite scaffold had no toxic
effects on viability of the cells.
Gene expression analysis by qRT-PCR
After 21 days osteogenic induction, mRNA level expression of
osteoblast markers was investigated by qRT-PCR (Figure 9).
As shown in this ﬁgure, after the incubation time, osteoblasts
differentiated from hEnSCs, on the Nano composite scaffold
(three-dimensional culture) expressed higher phenotypic
markers like osteonectin, osteopontin and ALP compared to
the tissue culture plate group (two-dimensional culture).
ALP activity results
ALP activity is shown in Figure 10, there was higher volume
of ALP production in the nanocomposite scaffold and two-
dimensional culture in all days compared to control group.
DISCUSSION
Recently, various nanocomposite scaffolds with different
shapes, e.g., ﬁbrous membrane and three-dimensional
porous scaffolds composed of bioactive glasses (nanopar-
ticles and nanoﬁbers) and polymeric materials (natural and
synthetic) has been fabricated. Kim et al. for the ﬁrst time
produced nanocomposite scaffold containing PLA and bio-
glass nanoﬁbers with sol-gel method combined with electro-
spinning. Osteoblastic activity was investigated on these
nanocomposite scaffolds and results indicated improved
osteoblastic activity by increasing the bioglass nanoﬁbers.43
Kim et al. also investigated the attachment of human osteo-
blast like cells on the nanocomposite scaffolds containing
bioglass nanoﬁbers and collagen.11 Lee et al. fabricated
nanocomposite scaffolds containing bioglass nanoﬁbers and
PCL, and studied growth of the osteoblast cells (MC3T3-
FIGURE 6. Scanning electron microscopy (SEM) micrograph of: a. nanofibers before heating, b. the nanofibers after heating at 700 8C.
FIGURE 7. Scanning electron microscopy (SEM) micrograph of: a. the composite gelatin/collagen/45S5 bioglass nanofibers containing Cu, b. cul-
tured cells on composite scaffold.
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E1).44 In this study, we fabricate a new nanocomposite scaf-
fold with modiﬁcations in structure of other nanocomposite
scaffolds. The combination of electrospinning and sol–gel
method was used to fabricate the copper doped 45S5 bio-
glass nanoﬁbers. The diameter of nanoﬁbers was similar to
previous studies, but the protocol was modiﬁed and PVA
was used instead of PVB and PCL, and copper ion was
incorporated in the bioglass network instead of Ca21. DSC
analysis was used to get right heat treatment for stabilizing
the bioglass nanoﬁbers and elimination of nitrate compo-
nent from bioglass network. Nychka et al. reported the best
temperature for stabilizing the bioglass network and elimi-
nation of all organic component was 7008C.38,45 DSC
showed similar results for copper doped 45S5 bioglass
nanoﬁbers and before 7008C all nitrate and organic compo-
nent were eliminated and bioglass network was stabilized.
FTIR analysis was performed prior and after stabilizing of
nanoﬁbers at 7008C. Results showed that all nitrate and
organic components were eliminated after stabilizing the
nanoﬁbers and chemical bonds related to bioglass struc-
ture19,38 were revealed after heat treatment of nanoﬁbers.
Observed peaks in XRD spectrum were related to formation
of combeite according to International Centre for Diffraction
Data (ICCD) database. Characterized peaks are composed of
two sodium calcium silicate phases, including silicorhenan-
ite (Na2Ca4 (PO4)2SiO4) and combeite (Na2Ca2Si3O9).
23,46 It
was mentioned that the silicorhenanite phases that were
founded in this analysis are isostructural to apatite. Addi-
tion of Cu into the bioglass structure did not affect the for-
mation of sodium calcium silicate phases, which has been
reported in the literature.22 These peaks showed the semi-
crystalline and amorphous properties of nanoﬁbers. Accord-
ing to Chen et al.46 studies, this phase is favorable for
bioglass because it increases the strength of scaffold, and
also when scaffold is implanted in the body, combiete trans-
forms to biodegradable and bioactive calcium phosphate.
Addition of copper to the structure of bioglass nanoﬁbers
does not affect the formation of Na–Ca–Si phase, which is
similar to a previous study.22 After conﬁrming the bioglass
structure, nanoﬁbers were mixed with collagen and gelatin
for the fabrication of porous nanocomposite scaffolds by
using freeze-drying method. Genipin was used as a speciﬁc
cross-linker of collagen and gelatin.47,48 Mercury porosime-
tery was used to measure the pores’ diameter and porosity
of nanocomposite scaffold. The average of pores’ diameter
was 82 7 22, and the total porosity was between 70% and
80%. According to the size of osteoblasts (20 mm) and the
length of MSCs,49 it seems that the pore size and distribu-
tion of porosity in this nanocomposite scaffold were enough
for MSCs and osteoblast immigration and penetration and
growth through the scaffold. Pores’ distribution in this
nanocomposite scaffold is suitable for osteoblast growth
and migration according to Murphy and O’Brien50 studies.
The surface and morphology of scaffold were investigated
with SEM. Porous structure was observed in SEM photomi-
crographs, and the diameter of pores were between 70 and
250 lm, which conﬁrms the mercury porosimetery results
according to previous studies; porosity of this nanocompo-
site scaffold is suitable for osteoblast growth.50,51 Cytotoxic-
ity of scaffold was examined with MTT assay, and the
results showed that the prepared scaffold is nontoxic. After
isolation and culture of the hEnSCs, dexamethasone, glysero-
phosphate, and ascorbic acid were used as differentiating
medium. After 21 days, alizarin red staining was used as
mineralization index. Enzyme assay (ALP) and osteoblast
FIGURE 8. Determination of cell viability with the MTT assay. MTT
assay was used as a measure of the survival of cells seeded into scaf-
folds in 3D and 2D at 24, 48 and 96 hrs of culture. Data are expressed
as mean6SD of three independent experiments in duplicate.
FIGURE 9. Quantitative mRNA expression analysis of osteoblast-like
cells derived from human EnSCs seeded on scaffolds after 21 days.
The result of mRNA expression on tissue culture plate (2D) and scaf-
folds (3D) compared to undifferentiated hEnSCs. (n5 3 biological
samples, mean6SD).
FIGURE 10. Alkaline phosphatase production of cells in day1 and
day7 after cell seeding.
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gene (osteonectin, osteopointin, and alkaline phosphatase)
assay were used for studying the osteoblast activity. Alka-
line phosphatase enzyme activity was studied as mineraliza-
tion index of osteoblast-like cells at days 1 and 7. ALP assay
showed an increased activity of ALP in day 7 rather than
two-dimensional culture. Higher volume production of ALP
was observed in nanocomposite scaffolds and two-
dimensional cultures compared to the control group (in all
days). Results of gene assay studies showed expression of
osteoblast genes, conﬁrming the enzymatic assay. The result
shows that three-dimensional culture of cells can provide
suitable condition for cell survival and more differentiation
especially in this study that 3D culture was done on copper-
doped nanocomposite scaffold. Cell attachment was investi-
gated with SEM. Osteoblast-like cells were attached and
inﬁltrated to the porous nanocomposite scaffold. According
to the obtained results, this nanocomposite scaffold is a
suitable and nontoxic surface for attachment and adherence
of osteoblast-like cells.
CONCLUSION
In this study, nanocomposite scaffold containing gelatin–col-
lagen- and copper-doped nanoﬁbrilar 45S5 bioglass was
fabricated. Nanoﬁbrilar bioglass (prepared with sol–gel
method) was fabricated by electrospinning process, and the
nanoﬁbers were then mixed with hydrogel matrix containing
gelatin and collagen. Structural analysis conﬁrmed the for-
mation of desirable phases of bioglass nanoﬁber. The
growth and viability of differentiated osteoblast cells were
investigated on this biomimetic scaffold mimicking the natu-
ral bone structure. Cellular biocompatibility and enzymatic
and gene assays illustrated that scaffolds containing copper
ion within the bioglass structure had more viability and
osteoblast growth in comparison with two-dimensional cul-
ture. Copper ion increased the growth of osteoblasts on
nanocomposite scaffold containing nanoﬁbrous bioglass.
Thus, the results obtained from this study indicated that the
prepared scaffold, potentially, is an appropriate scaffold for
bone tissue engineering.
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